WHAT'S KNOWN ON THIS SUBJECT: Although providing improved survival for infants with very severe cardiorespiratory problems, the use of neonatal extracorporeal membrane oxygenation has high rates of disability in survivors. Mild hypothermia has been shown to limit brain injury in a range of patient groups, including newborns.
Extracorporeal membrane oxygenation (ECMO) is an invasive method of life support used for newborn infants with acute respiratory failure and has been shown to lead to improved outcomes. 1 Despite the availability of new therapies, such as inhaled nitric oxide and high-frequency oscillation, the majority of infants who develop the severest forms of cardiorespiratory failure still are treated with ECMO, and the number of referrals reported to the Extracorporeal Life Support Organization has remained steady since the end of the 1990s.
The Cochrane review of neonatal ECMO concludes that, compared with other forms of intervention, ECMO is the most effective form of life support for infants that fulfills the eligibility criteria, both in terms of improved survival and morbidity. 2 However, childhood outcome data from the UK collaborative ECMO trial, the main trial included in the Cochrane review, indicated that despite improved outcome compared with more conventional life support, rates of impairment and disability remained high. 3, 4 Only 32% of the original cohort of infants allocated to ECMO in that study survived without disability at 4 years of age compared with 14% in the conventional treatment arm. The origin of these impairments may stem both from the underlying condition and from changes in cerebral perfusion that accompany the process of ECMO. 3, 4 There is increasing evidence of a neuroprotective effect from mild therapeutic hypothermia in different patient groups, after a variety of cerebral insults, but particularly in infants after acute hypoxia-ischemia. 5, 6 We therefore set out to test the potential for hypothermia to improve the outcome of infants who received neonatal ECMO. After a series of safety and feasibility studies relating to the use of mild hypothermia during neonatal ECMO, [7] [8] [9] the 4 hospitals comprising the UK national ECMO service agreed to participate in a pragmatic multicenter randomized controlled trial, the Neonatal ECMO Study of Temperature (NEST). The aim of this trial was to evaluate whether, in infants requiring ECMO, cooling to 34°C for the first 48 to 72 hours of their ECMO course led to improved health status at age 2 years.
METHODS

Trial Design and Participants
This was a 2-arm randomized controlled trial comparing outcomes for infants allocated to receive ECMO and cooling with infants allocated to receive standard (normothermic) ECMO; methods are reported in full in the published protocol. 10 All participants were cared for in 1 of the 4 UK ECMO centers and included infants transferred from other hospitals across the country for care. Each infant met existing standard criteria for ECMO eligibility based on the clinical decision of the local ECMO team. Infants were excluded if they were referred for ECMO because of a diagnosis of congenital diaphragmatic hernia (because of an increased inherent risk of poor neurodevelopmental outcome and potentially severe underlying pulmonary hypoplasia incompatible with long-term survival);
received ECMO post-cardiac surgery (because these infants were not part of the original underpinning study and their prognosis was likely to be heavily influenced by their primary diagnosis); or had received any therapeutic cooling before randomization.
Because of the life-threatening condition of the infants involved and the need to carry out long-distance transfers in a high proportion of cases, consent procedures involved a 2-stage process. Written (wherever possible) or witnessed verbal consent was taken in the first instance, and this consent was reaffirmed within the subsequent 24 to 48 hours with documentation in the infant' s medical record.
Intervention and Clinical Management
For participants randomly assigned to receive mild hypothermia, the process of cooling commenced immediately upon initiation of the ECMO circuit by adjustment of the heat exchanger in the circuit to achieve a core temperature of 34°C. Temperature was measured by nasopharyngeal, rectal, or urinary electronic temperature probes; and the water heater was adjusted to maintain this core temperature. All infants in this arm received a minimum of 48 hours of cooling (to allow for any infant that rapidly improved while receiving ECMO) to a maximum of 72 hours before being rewarmed over a 12-hour period, in keeping with the published neuroprotection trials. 5, 6 Those infants randomly assigned to the control arm of the study received conventional ECMO throughout, with a targeted body temperature of 37°C.
Apart from the temperature during the first 48 to 72 hours, all other aspects of management were identical within each ECMO center. For those successfully weaned from ECMO, referral back to their local hospital occurred when considered safe by the clinical team in the ECMO center.
As well as the routine intensive monitoring associated with ECMO, cerebral amplitude-integrated electroencephalography (aEEG) recording was attempted in all infants during the first 72 hours of ECMO. Cerebral ultrasound assessments were also performed during the infant' s stay in the ECMO center on the basis of clinical need. Most infants had left the ECMO center before they were well enough to undergo MRI scanning of their brain; local units receiving the infants back after ECMO were encouraged to perform MRI scans, but this decision was left to their discretion.
Outcomes
The primary outcome was the cognitive score from the Bayley Scales of Infant and Toddler Development, Third Edition (Bayley-III), at 2 years of age corrected for prematurity where relevant (24-27 months). 11 All infants were assessed by the same pediatrician, who was blinded to the original allocation, in an appropriate clinical setting close to their home or at home in a few cases. Death was not included in a composite primary outcome, because our interpretation of the literature at the time the protocol was developed was that mild hypothermia was unlikely to influence mortality and hence we chose to focus on the outcome for which there was significant biological plausibility that a benefit might result. However, death was included as a secondary outcome. A number of additional psychomotor tests as well as a physical examination by the pediatrician were also carried out. Prespecified secondary outcomes were as follows: Death Neurologic optimality score 12, 13 Gross and fine motor score from the Bayley-III 11 Cerebral palsy Gross motor function classification score 14 Seizures requiring regular anticonvulsant treatment Visual difficulties not corrected by eyeglasses Hearing difficulties requiring aids Language-expressive and -receptive scores from the Bayley-III 11 Parent Report of Children' s Abilities-revised [15] [16] [17] Infant Characteristics Questionnaire 18 The Brief Infant-Toddler Social and Emotional Assessment 19 Measures of growth: height, weight, and head circumference 20 Rates of "no impairment" (Bayley-III cognition, language, and motor scores $85; normal neurologic examination; normal vision [including glasses]; and normal hearing without aids)
Sample Size
The sample size estimate was based on what was considered to be a clinically important difference in the Bayley-III cognitive score at 2 years' corrected age, based on existing knowledge of ECMO survivors. Given that the primary outcome could be assessed only in survivors, the sample size estimate was inflated to allow for mortality among those who died before the age of 2 years. Assuming a mean cognitive score of 95 (SD: 15) in the control group, recruitment of 118 infants with an estimated mortality of 20% provided a realistic recruitment target (ie, 94 surviving infants) while also giving 90% power to detect a 10-point difference between the 2 arms with a 2-sided 5% level of significance.
Randomization
Assignment to a treatment group was performed by using a secure Webbased system (hosted by the National Perinatal Epidemiology Unit, Clinical Trials Unit, Oxford, UK). As soon as parental consent was obtained, the recruiting ECMO specialist logged onto a Web site and obtained the treatment allocation of ECMO only or ECMO with cooling. A deterministic minimization algorithm was used to ensure a balanced treatment allocation within center and by method of cannulation (veno-venous or veno-arterial).
Blinding
The parents, who completed self-report questionnaires at 2 years, were aware of the allocation their infant had received. It was not possible to blind the staff involved in clinical care of the infant during the time on ECMO; however, the pediatrician who performed the 2-year assessments was masked to allocation and parents were asked not to reveal this information.
Statistical Methods
Infants were analyzed in their allocated group, regardless of allocation received or deviations from the protocol. For the primary outcome analysis, the mean differencein the Bayley-III cognitive score between groups and 95% confidence interval (CI) were calculated and analyzed by using the independent 2-sample t test. An adjusted analysis was also performed, adjusting for the minimization criteria (center and method of cannulation).
Secondary outcomes were summarized with counts (percentages) for categorical variables, means (SD) for normally distributed continuous variables, or medians (interquartile or entire range, whichever was appropriate) for skewed continuous variables. The magnitude and direction of the treatment effects were assessedby calculatingthe relative risk (RR; 99% CI) for categorical outcomes, the mean difference (99% CI) for normally distributed continuous outcomes, and the median difference (99% CI) for skewed continuous variables. SD scores were calculated for growth data by using the British 1990 growth reference (revised September 1996). 21 Prespecified subgroup analyses were performed by using a statistical test of interaction on the following outcomes; Bayley-III cognitive score, vision, hearing, and neurologic optimality score. Analyses were performed by 2 members of the NEST research team: Louise Linsell, MSc and Ed Juszczak, MSc.
The subgroups examined were as follows: initial method of cannulation (veno-arterial versus veno-venous), infant' s worst oxygenation index in the 4 hours before random assignment (,60 vs $60), initial aEEG pattern shown on the cerebral function monitor (normal versus abnormal), and principal clinical diagnosis leading to ECMO referral (severe cardiorespiratory failure versus other).
Oversight
The NEST protocol was approved by the Trent Multicentre Research Ethics Committee and the local research ethics committee of each participating hospital. The conduct of the study was overseen by an independent trial steering committee with advice from an independent data monitoring and ethics committee. The independent data monitoring committee met on 5 occasions and did not recommend early stopping.
RESULTS
Recruitment and Analysis Population
Between June 1, 2006, and March 31, 2010, 111 infants were recruited to the trial, of whom 55 were allocated to ECMO only and 56 were allocated to ECMO with cooling (Fig 1) . We identified an additional 46 infants who were screened and not recruited for a variety of reason including parents declined, insufficient to time to seek consent (generally because of clinical deterioration), and nonavailability of staff with approval to carry out consent. We recognize that a small number of additional infants would potentially have been eligible for this trial but who, for clinical reasons, were not transferred for ECMO.
Follow-up occurred at 2 years of age and within a window of 63 months. All assessments and neurologic examinations were performed by a single pediatric assessor. Fourteen infants died before follow-up at 2 years (12 before hospital discharge): 5 in the ECMO-only group and 9 in the ECMO-with-cooling group. This difference was not significant, and by chance, 3 deaths relating to underlying metabolic/congenital anomalies were all in the cooling arm. Pediatric assessments were performed for 95 of 97 (98%) survivors (sample size was based on 94 survivors). Two survivors in the ECMO-only group emigrated, and no data were collected after discharge, although 1 infant was known to be alive at 2 years. The baseline characteristics of all infants who were randomly assigned (n = 111) and those assessed by a pediatrician at age 2 (n = 95) were broadly similar (Table 1) . Eight assessments were partially completed due to behavioral problems; however, only 2 of these infants (ECMO with cooling) were excluded from the primary analysis because in the other 6 infants the cognitive score component of the assessment was completed. Eighty-eight parent questionnaires were received: there was a response rate of 43 of 48 (90%) in the ECMO-only group and 45 of 47 (96%) in the ECMO-with-cooling group.
All 111 infants were included in the analysis wherever data were available. The numbers of infants included in the analysis of the Bayley-III cognitive composite score (primary outcome) were 48 of 55 (87%) in the ECMO-only group and 45 of 56 (80%) in the ECMO-with-cooling group.
Compliance and Clinical Outcomes Before Discharge
Two infants (ECMO-only group) recovered after trial entry and ECMO was not required, and 2 infants (ECMO-withcooling group) died on day 2 of the ECMO run. An additional 5 infants (4 in the ECMO-only group, 1 in the ECMO-withcooling group) did not require ECMO after 48 hours; hence, these infants received cooling only up until that point (Table 2 ). It was observed that infants allocated to ECMO with cooling received fewer inotropes on days 2 and 3 and less heparin throughout the 72-hour period than infants in the ECMOonly group. Clinical characteristics before discharge were similar in both groups, although the number of events for some conditions was low.
Health and Neurodevelopmental Outcomes at 2 Years
The mean Bayley-III scores for cognition (primary outcome), language, and motor skills at 2 years' corrected age were slightly lower in the ECMO-with-cooling group; the variances were slightly greater, but the differences were not statistically significant (Table 3) . The mean cognitive score in the ECMO-only group was 90.6 (SD: 13.1) compared with 88.0 (SD: 16.2) in the ECMO-withcooling group (difference in means: 22.6 points; 95% CI: 28.7 to 3.4). After adjusting for the minimization factors, Overall, this pattern of small differences favoring the ECMO-only group was consistent throughout the health and neurologic findings at 2 years, apart from growth outcomes, which favored the ECMO-with-cooling group ( Table 3 ). The use of aEEG did not appear to be helpful in predicting outcome.
Parent Report of Abilities and Behavior at 2 Years
Parent-reported outcomes showed a different pattern, which tended to favor ECMO with cooling, but the differences were small and none of the differences were significant (Table 4) .
Subgroup Analyses
There was no evidence that the effect of cooling was inconsistent across specific subgroups of infants; however, CIs were very wide due to the small numbers in each subgroup.
Safety
Serious adverse event reports were not different between the 2 groups: 11 were reported in the ECMO-only group (1 infant experienced 2 events) and 13 in the ECMOwith-cooling group (1 infant experienced 3 events) (Supplemental Table 5 ).
DISCUSSION
This trial indicates that therapeutic cooling during neonatal ECMO does not improve neurodevelopmental outcome at age 2 years. The trial was relatively small because it was based on realistic but nonetheless somewhat speculative estimates of the size of improvement that might result from the use of cooling. However, there is no suggestion in these results of a trend toward improved outcome that the trial was too small to demonstrate; if anything, the opposite is true.
Was the intervention adequate? Whereas we planned in the protocol that infants in the cooling arm could receive cooling for a minimum of 48 hours, the vast majority of those recruited completed 72 hours of cooling. Seventy-two hours of cooling has been shown to be effective in providing neuroprotection in infants exposed to significant perinatal asphyxia. From a technical perspective, cooling on ECMO proved to be easy to achieve by use of the circuit and was not associated with an increase in complications. It could be argued that longer cooling or cooling to a lower temperature might have beenmore effective,butthe trend in the results presented here of a worse outcome with cooling must at least raise a strong note of caution before considering the use of such approaches. 10 Was this the wrong study population? By excluding infants with diaphragmatic hernia and those receiving ECMO for postoperative cardiac support we Duration of respiratory support, median (IQR), d 9 (7-15) 10 (7-14) Died before after hospital discharge, n (%) 4 (7) 8 (14) IQR, interquartile range. a Two infants (ECMO only) recovered after trial entry and ECMO was not required. The duration of the intervention (cooling) was for a minimum of 48 hours to a maximum of 72 hours, depending on the duration of ECMO required. Two infants (ECMO with cooling) died on day 2 of the ECMO run.
recruited infants to the trial who form the core group of most ECMO programs around the world. In addition, infants of this type were shown previously to be at risk of poor neurodevelopmental outcome, and indeed those previous findings have been mirrored in this study, with the mean cognitive score for both groups being #90.
In developing this study we felt that there was strong empirical evidence that cooling infants who received ECMO might result in improved outcomes. The fact that such improvements did not result suggests that at least some of our judgments in this regard were misplaced. There was no suggestion in the data that an increase in complications related to cooling masked an underlying positive effect, such as that seen in trials of cooling in infants who had suffered intrapartum asphyxia. It was, of course, in animal models of intrapartum asphyxia that the underpinning research regarding the neuroprotective effects of cooling in newborns were first assessed and established 10 . It may be that the nature of the insult in infants who receive ECMO (ie, it takes place over a relatively prolonged period) is such that damage cannot be prevented by the the use of cooling for a period during the insult, albeit at what is likely to be the time of maximum physiologic disruption. 10 Existing data certainly suggest that it is the underlying condition and or the associated physiologic changes rather than the use of ECMO that results in an increased risk of long-term neurodevelopmental impairment.
In terms of the wider implication of this study, it seems clear that the use of cooling for neuroprotection during ECMO (it is sometimes used to reduce oxygen consumption) is to be avoided. However, the results of this study also highlight the potential dangers of extrapolating existing research findings from 1 group to another without appropriate testing. For example, the current trend to use mild cooling to treat intrapartum asphyxia in infants who do not meet the entry criteria of the original trials may well be unwise because the same response cannot be assumed, as we found here. Conversely, a potential role for mild cooling for a period after neonatal cardiac surgery as a means of improving long-term outcomes in these infants remains untested, and the results of this study are of no direct relevance. 
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